A non-native bryozoan, Schizoporella errata, forms extensive patches of free-living balls and reef-like structures (bryoliths) on the mudflats in south San Francisco Bay, California. The ball-like bryoliths range from 2 to 20 cm in diameter, and the reef-like structures can be nearly 1 m across. While S. errata is known to form bryoliths in other locations, free-living aggregations like these have not been reported. Colony morphology appears to be a plastic trait as analysis of relationships among forms using cytochrome oxidase subunit I (COI) nucleotide sequence data revealed no genetic separation. We recorded > 50 species of algae and invertebrates living on and in the bryoliths and determined the invasion status for 34 of the 50 species. Of the 34, 25 (74%) were non-natives and included fouling species that require hard substrate. The bryoliths may thus facilitate colonization by invaders on the mudflats and serve as stepping stones between the limited hard substrate habitats in the Bay.
INTRODUCTION
Predicting how invasive species will behave in their new ranges is one of the goals of invasion biology. Many marine invasive species are members of the fouling community -organisms like sponges, tunicates, barnacles and bryozoans that attach to maritime structures, e.g. boat hulls. It is reasonable to expect such organisms to be limited by hard substrate. However, some species that are usually hard-substrate dependent and sessile have non-attached forms that can thrive on soft-bottom substrates and are potentially mobile. These include species of crustose coralline algae that also form rhodoliths (e.g. Bosence 1983 , Foster 2001 ; hermatypic corals that form coralliths (e.g. Glynn 1974) ; and species of normally attached encrusting or branching bryozoans that can form bryoliths (e.g. Rider & Enrico 1979 , Cuffey & Sorrentino 1985 , Kidwell & Gyllenhaal 1998 , James et al. 2006 .
For a normally sessile invasive species, the ability to take on a free-living form confers several potential advantages: (1) use of a wider range of habitat types, (2) dispersal of adult organisms/colonies, and (3) increased reproductive potential via fragments. For example, the Atlantic sponge Hymeniacidon sinapium forms small colonies that are attached to hard substrate in the rocky intertidal zone of Central California (J. Pearse unpubl. data), but is also able to invade mudflats by taking on a large, free-living ball shape (Wasson et al. 2001) . Gracilaria salicornia, a non-native alga in the Hawaiian Islands, grows attached to the reef but also forms unattached 'tumbleweeds' on sand flats that may aid dispersal through viable fragments (C. J. Zabin pers. obs.).
Non-native marine species that create 3-dimensional structures in soft-bottom habitats can also have significant ecological impacts, facilitating the presence of obligate hard-substrate organisms, creating living space for other organisms, and in some cases altering the quality of the nearby benthos (e.g. Posey 1988 , Ricciardi et al. 1997 , Crooks & Khim 1999 , Bruno et al. 2005 , Rodriguez 2006 ). In a literature review, Bruno et al. (2005) found that non-native species facilitated the presence of native species at least as often as that of other non-native species. However, it might be reasoned that when a non-native species creates a novel substrate type, other non-natives may be more likely than natives to either (1) be pre-adapted to use the new substrate or (2) display the environmental plasticity to do so. For example, Heiman et al. (2008) found that reefs created by the Australian tubeworm Ficopomatus enigmaticus in a predominantly soft-bottom estuary in Central California supported abundant communities of non-native amphipods and polychaetes. Native species associated with native oysters also inhabited the worm reefs, but non-native species were much more abundant in the tubeworm reefs than on oysters, suggesting differential facilitation of non-native species by this new foundation species (Heiman et al. 2008) .
In 2006, we became aware of another organism typically thought of as hard-substrate dependent, living as an unattached form on the mudflats in San Francisco Bay, California. Spheroidal colonies of a bryozoan, ranging from golf ball to football size (~2 to 20 cm), were found in large numbers in the shallow subtidal zone in the southern part of the bay (henceforth South Bay). Additional sampling revealed 2 other forms: a robust foliaceous form consisting of open multi-laminar tubes, and a tubular structure formed from an anastomosing mass of closed tubes. All of these forms are found on muddy bottoms and appear to be unattached to hard substrate.
Bryoliths are well-known from the fossil record. However, only a few bryozoan species today form massive structures; unattached ball-like bryoliths are unusual and have not been reported from the West Coast of the United States (Osburn 1912 , Banta 1972 , Bradstock & Gordon 1983 , Scholz & Hillmer 1995 , Hillmer et al. 1996 , James et al. 2006 .
The bryolith-forming species fit morphological descriptions for Schizoporella errata (Waters 1878) and resemble specimens of S. errata described by Tompsett et al. (2009) as well as a putative specimen of S. errata collected by J.A.M. from Australia. Several Schizoporella species, including S. errata, are reported to have massive growth forms , Morgado & Tanaka 2001 , but freeliving spherical forms have not been reported.
Several non-native Schizoporella species, including S. errata, are known from San Francisco Bay in their more usual encrusting forms (Carlton 1979 , Cohen & Carlton 1995 . The taxonomy of the Schizoporella serialis/errata/pungens complex requires revision (Winston 2004 ). While we cannot resolve these taxonomic issues here, we were interested in determining whether the bryolith-forming species was a previously unreported species or an unreported morphotype.
It has been suggested that while estuaries are more invaded than rocky shores, the majority of invasive marine species are hard-substrate dwellers (Wasson et al. 2005) . Species such as Ficopomatus enigmaticus and the bryolith-forming Schizoporella, which create new hard substrate in invaded estuaries, might thus be predicted to differentially promote non-native species. However, high numbers of non-native species have also been reported from soft-bottom habitats in San Francisco Bay (Cohen & Carlton 1995 , Lorenzi et al. 2007 . Unlike the addition of seawalls, pier pilings or other topographically simple anthropogenic structures, the softer biogenic substrate provided by the bryoliths was also likely to facilitate the presence of species that bore, burrow and make use of mud-filled crevice spaces.
With this in mind, we predicted that the bryoliths in San Francisco Bay would harbor high numbers of obligate hard-substrate organisms which otherwise would not be present on the mudflats, and that bryolith-associated organisms would be a mixture of softbottom and hard-substrate dwellers. It was not clear whether non-native species would be differentially promoted by the presence of this novel substrate.
In the present study we (1) describe the distribution of the bryoliths in San Francisco Bay, (2) detail the morphology of the bryoliths, (3) clarify the identity of the bryolith-forming Schizoporella, and (4) enumerate the infauna and epifauna associated with this novel habitat to determine whether non-native species are disproportionately represented compared to other habitat types in the South Bay.
MATERIALS AND METHODS
Bryolith collection and distribution. The mudflats where the bryoliths are located are too soft to walk on during low tide when the bryoliths are exposed, but can be approached by boat in some places and traversed at mid-tide when the water supports some body weight. We made an initial collection in this manner in Novem-ber 2006. We were able to detect bryoliths by touch and collect them by hand and nets, but could not see them due to the extreme turbidity of the water (< 5 cm visibility). Over the course of the next 5 mo, we collected bryoliths using a rock dredge and/or an otter trawl deployed from 1 of 2 powerboats: the 90 ft (27.4 m) 'Brownlee' and the 25 ft (7.6 m) 'Lucille'. Tows on the 'Brownlee' were made opportunistically as part of a public education program at the Marine Science Institute (MSI, Redwood City). MSI makes 340 such trips yr -1 and carries out 3 to 4 bottom trawls trip -1 , each running ~10 to 15 min, using a 2.75 × 5.5 × 10 m trawl. While most of the MSI trips are made in the South Bay, the boat works in the Central Bay and Delta 7 wk yr -1 . Bryoliths have only come up in the South Bay trawls.
We generally recorded only presence/absence data from the 'Brownlee' collections, although some specimens were collected for morphological work and others were preserved in 70% ethanol for genetic analysis. In addition, we made 7 tows over 3 d during high tides aboard the 'Lucille' to collect bryoliths for more detailed analyses ( Fig. 1) . We attempted to collect specimens from the northernmost and southernmost extents of the population (as determined from the extensive tows of the 'Brownlee') as well as from sites on the east and west sides of the bay. Specimens were deposited at the California Academy of Sciences (catalogue numbers: CAIZ182423-26).
Bryolith morphology. At 6 sites where the densely packed ball form dominated, we measured 3 axes of all bryoliths collected: (1) L: the longest dimension; (2) I: the intermediate dimension 90°to the midline of the first axis, and (3) S: the shortest dimension 90°to the midline of the second axis. For the smaller specimens, measurements were made to the nearest 1 mm using calipers; for the larger specimens, measurements were made with a transect tape, and were accurate to 5 mm (accuracy was determined by repeated measures).
To determine how close to spherical the bryoliths were, we calculated the coefficient of variation (CV) for L, I, and S (based on James et al. 2006 ). In addition, we made observations on colony morphology and sectioned 10 bryoliths using a razor to visually examine colony formation.
Molecular comparison of morphotypes. We compared the partial cytochrome oxidase subunit I (COI) nucleotide sequences of 10 colonies. The samples encompassed the range of colony structural types: encrusting (n = 4), bulbous (n = 3), foliaceous (n = 2), and tubular (n = 1). One encrusting colony tentatively identified as Schizoporella errata was collected by J.A.M. in 2000 from Manly, Sydney. Encrusting colonies were collected from intertidal rocks in San Francisco Bay at Coyote Point. Bryoliths were collected by towing from 6 sites as described above (Fig. 1 ). Specimens were preserved in 70% ethanol in the field. DNA was extracted from fragments of ~20 zooids colony -1 using DNeasy (Qiagen) mini centrifuge columns. Following previously described methods (Mackie et al. 2006) , COI was amplified using universal primers LCO1490 and HCO2198. This product was reamplified using LCO1490 and a bryozoan-specific primer BH2161, and sequenced by BigDye chemistry from both ends using these primers. Sequences of 411-589 base pairs were obtained and submitted to GenBank (accession numbers EU797458 to EU797467). A minimum spanning tree was constructed using TCS software (Clement et al. 2000) .
Associated fauna. Nineteen bryoliths were collected from 4 sites for the analysis of associated epi-and infauna. Highly mobile fauna, such as fish and large crabs, were likely lost during dredging. To minimize further loss of mobile fauna, the bryoliths were placed Fig. 1 . San Francisco Bay, showing the sites where material was collected for genetic analysis, areas towed for studies of associated species and morphology, and the distribution of the different colony morphologies into nylon stockings or into separate tubs upon removal from the dredges. The bryoliths were either kept live in seawater tanks (up to 1 wk) until they could be worked on, or preserved in 70% ethanol after being fixed in formalin. The bryoliths were crushed and rinsed over a 1 mm sieve to remove organisms, which were then examined under a dissecting microscope. We counted and identified each morphotype to the lowest possible taxonomic level. Where we were able to identify organisms to species level, we used literature searches to determine biogeographic status (native, introduced, cryptogenic sensu Carlton 1996) and habitat type use (hard vs. soft substrate). The relationships between bryolith volume and numbers of associated individuals and species (species richness) were explored using linear regression after data were transformed to meet assumptions of normality. Bryolith volume was calculated by using the abovementioned 3 axes to determine a mean radius for use in the formula for spherical volume. We considered volume as the independent variable; species richness and number of individuals were treated as dependent variables. We used multidimensional scaling plots (MDS, Primer v5.2.9 software, Primer-E) to informally examine differences between fauna associated with different colony morphologies and locations within the bay. For these plots, we used organisms for which we had species-level identifications, or those which represented the only individuals in a genus or family. The raw data were first standardized to account for differences in bryolith volume and then used to generate Bray-Curtis similarity measures to create the MDS plots. We noted other organisms that were found on other bryoliths during tows, but only included those that were associated with the 19 bryoliths collected for this portion of the study for the above analyses.
To determine whether non-native species were preferentially using bryoliths, we compared the percentages of non-native species associated with the bryoliths and those found on hard substrate and in benthic grabs during a rapid assessment survey of benthic organisms at the marinas closest to our study areas: Pete's Harbor and Coyote Point (Cohen et al. 2005 ). Pete's Harbor is within 2 to 3 km of one of our collection sites and Coyote Point is ~10 km from a collection site. The marina survey (Cohen et al. 2005 ) was carried out by taxonomic experts who sampled for their specialist taxonomic groups across several types of substrata, including floating pontoons, wood, rocks, and mud benthos. As in our study, highly mobile fauna were likely underrepresented. While differences in methodology do not allow for direct comparison, we considered the list generated from the study by Cohen et al. (2005) to be a reasonably good sample of the species pool of organisms in the South Bay that could potentially live in or on the bryoliths.
RESULTS

Bryolith distribution and abundance
We found bryoliths from just north of the San Mateo bridge to just south of the Dumbarton bridge ( Fig. 1) , which is a north-south distribution of 10.8 nautical miles (n miles). We determined an east -west extent of 2.56 n miles, excluding the specimens found inside Smith Slough in Redwood Creek (below Bair Island in Fig. 1 ). One bryolith was found at a depth of 3.5 m (at mean low low water, MLLW), but most were found at considerably shallower depths. Our methodology did not allow us to accurately mea-132 Fig. 2 . Bryoliths exposed at low tide on Bair Island (Redwood City), seen here as a thick dark band sure abundance (see 'Discussion'), but photographs taken from the 'Brownlee' at low tide (Fig. 2) , in addition to the sonar surveys made on the 'Lucille', indicate a patchy distribution with areas of high abundance. Surveys using the boat sonar suggest that the Greco Island site (37°31.972 N, 122°11.098°W), where we found the greatest variety of morphotypes, has high densities of bryoliths. These could be seen continuously with the depth finder over a large triangular shaped area of 2.40 km 2 . There appear to be several smaller but dense patches throughout the western portion of the South Bay. One site east of Foster City (37°34.217 N, 122°14.425 W) was determined via boat surveys to be at least 40 000 m 2 .
Bryolith morphology
We found 2 major types of colonies ( Fig. 3a) : those in which many layers of zooids are packed tightly over one another, creating a dense, solid structure ('bulbous'), and those which include empty, open tube-like shapes, created by 2 to 4 zooid layers ('foliaceous'). More rarely, we found a third form, which consisted of an anastomosing mass of closed tube-like shapes, with multiple zooid layers ('tubular'). While the bulbous colonies tended to also take on spheroidal or discoidal shapes and the foliaceous and tubular colonies tended to form massive, reef-like structures, these morphologies actually represent extremes of a continuum. Some bulbous colonies included foliaceous, open projections, and some of the tubular reef-like structures included sections of densely packed zooid layers. The bulbous colonies were clearly unattached, but the more delicate foliaceous and tubular forms always showed some sign of breakage, making it unclear whether some portion of the colony might have been attached to hard substrate, or to an even more massive bryozoan reef. Dredge samples provided clues as to the formation of the bryoliths. Typical dredge hauls included clean bivalve shells, shells encrusted with a single bryozoan layer, shells with multiple layers, shells covered with thick layers but still retaining the overall shape of the underlying shell, and spherical bryoliths retaining little of the initial shape (Fig. 3b ). We found shells in the center of many, but not all, of the bryoliths that we cut open. Mud, shell bits, worm tubes, barnacles, sponges and bivalves were also incorporated into a colony at various points in its formation. Bryoliths larger than golf ball size tended to have an identifiable 'dead' face, which was gray and devoid of bryozoan polypides. The presence of ovicells with visible larvae indicated that several of the bryoliths we collected were gravid.
Bryolith size and shape varied among the 6 sites ( Table 1 ). The mean length of the longest dimension ranged from 5.9 cm at Shipwreck to 18.8 cm at the site South of San Mateo bridge. Based on their relatively low CVs (Table 1) , the bryoliths at 4 sites were mostly spheroidal; at the site south of Dumbarton bridge, they tended to be spheroidal; and at Shipwreck, most of the bryoliths were discoidal. In general, smaller bryoliths tended to have retained the shape of their nuclei (usually a bivalve shell).
Molecular comparison of morphotypes
COI sequence analysis revealed a lack of divergence among colony forms, suggesting that these are ecotypes. Analysis of 10 specimens distinguished 4 COI Fig. 4) . Haplotypes differed by a maximum of 1.03% pairwise nucleotide divergence. This level of divergence is consistent with the level of intraspecific divergence that is customarily observed at a native locale in cheilostome bryozoans (Mackie 2003) . Secondly, dense, foliaceous and encrusting forms were distributed among nodes of the phylogenetic network, indicating that these colony morphologies occur within a genetically connected population. The single encrusting colony from Manly, Sydney, where introduction of Schizoporella errata occurred in the 1940s (Allen 1953) , was a shared haplotype with San Francisco specimens (Haplotype 4), suggesting a common native source.
Associated species
Forty-five species or morphospecies were found living in, on or among the bryoliths examined in the laboratory; an additional 5 were observed in the field (Table 3) . Nearly all of these species were also found in the surveys of nearby marinas (Cohen et al. 2005) ; all have been previously reported from San Francisco Bay.
The numbers of individuals and species were positively correlated with the volume of the bryolith r 2 = 0.543, p < 0.0005 and R 2 = 0.359, p = 0.007, respectively) (Fig. 5) . The MDS plots (not shown) did not show any pattern of clustering by site or bryolith morphology.
Substrate associations were determined for 39 of 50 species. Fourteen species were able to use either soft or hard substrate and were mostly burrowing organisms, 12 were strictly hard-substrate species, while 10 were soft-substrate dwellers. Three species were free-living.
We were able to determine the invasion status for 34 of the 50 species or morphospecies associated with the bryoliths. Of the 34, 25 (74%) were non-natives and 9 (26%) were natives. These percentages are roughly comparable to those from hard substrates in the marina surveys made by Cohen et al. (2005) . When the Cohen et al. (2005) surveys from the 2 marinas (Coyote Point and Pete's Harbor) were combined, non-natives comprised 80% of the organisms on floating maritime structures and intertidal benthos. The percentage of non-native mud-dwelling organisms appears to be slightly higher, at ~83% of the marina organisms in the benthic grabs. Nearly all of the species found in the bryoliths were also found in the studies of the 2 South Bay marinas; there were no notable exceptions.
The polychaete worm Marphysa sp. C was the most abundant organism associated with the bryoliths, accounting for 27% (173 ind.) of the 649 ind. present in the samples. The genus Marphysa is in need of revision; thus, it is hard to say whether this species, which has been found by L.M.H. in Tomales Bay as well as previously in San Francisco Bay, is a non-native or a native that has been confused with the invasive polychaete Marphysa sanguinea (Montagu 1813) in the past.
Two non-native species, the anemone Diadumene leucolena (Verrill 1866) and the oyster drill Urosalpinx cinerea (Say 1822) were the next most abundant species, together accounting for 30% of total individuals found.
DISCUSSION
Morphological plasticity: an environmental response?
Schizoporella errata in its encrusting form has been reported from San Francisco Bay since 1979 (J. Inase unpubl.), but the bryolith forms, as far as we can determine, have until now gone unnoticed by scientists. From discussions with former boat captains of the 'Brownlee' and its predecessor (they recall pulling up 'orange rocks' in dredges), it appears that bryoliths have existed in the bay for at least 30 yr. Rider & Enrico (1979) , without providing information on how they arrived at this estimate, suggest a growth rate of 8 to 10 (1904) bryoliths in the Gulf of Mexico; it seems to us that growth rate should vary greatly with conditions. Using Rider & Enrico's estimate, some of the larger bryoliths we collected would be > 80 yr old. The unattached spherical bryolith form has not been reported in this species elsewhere, although Schizoporella errata is known to form reef-like shapes in other locations . In low-energy environments in the Mediterranean Sea, S. errata transitions from multiserial structures into erect branched buildups. This structure is often the result of overgrowth of soft-bodied organisms such as hydroids and sponges; subsequent death and decay of the overgrown organisms leave empty tube-like structures. This may be how the reef-like and foliaceous shapes reported here form. It is not clear what determines whether a colony in San Francisco Bay will take on an encrusting or bryolith form or why a bryolith will take on a dense bulbous shape or a delicate foliaceous form.
Workers elsewhere have postulated that nodular growth forms in bryozoans may be mediated by a reaction to overgrowth by microbial mats (Palinska et al. 1999) , heavy siltation (Jackson 1979) , limited substrate and high variability in food supply (Scholz & Hillmer 1995) , or an interaction between hydrodynamics and other benthic organisms . That many of the bulbous bryoliths in South Bay approximate a sphere suggests that they are turned with enough frequency to allow for relatively even growth in all directions. Elsewhere, well-rounded bryoliths have been thought to be indicators of moderately highenergy environments, although bioturbation has also been suggested as a possible factor (Rider & Enrico 1979 , Cuffey & Johnson 1997 . Tidal currents that run through the South Bay can attain speeds of 3.5 knots on an outgoing or incoming tide and wind waves of up to 2 m can occur in the deep central channel of the South Bay, although wave heights decrease over the shallow mudflats where the bryoliths were found. Alternatively, bryoliths could be turned by animals such as crabs, rays and other fishes foraging or burrowing on the mudflats. Whatever its cause, this unique morphology may aid this species in spreading throughout the bay in 2 ways: (1) the spheroidal colony shape may allow this organism to disperse with wind and wave currents, and (2) fragments which escape burial should be able to form new colonies.
It has long been recognized that at the interspecific level, strong correlations exist between colony morphology and habitat characteristics such as sediment carbonate content and environmental energy (Stach 1936 , Cheetham & Thomsen 1981 , Nelson et al. 1988 , Hageman et al. 1998 , Amini et al. 2004 , providing a useful tool for interpreting present and past environments. There has been less research on intraspecific phenotypic variation in bryozoans. The introduced Schizoporella errata population in San Francisco provides an excellent opportunity to study phenotypic potential in a bryozoan species, and specifically how variable colony morphology affects the local and wider colonization dynamics.
Community ecology and impacts
As predicted, a mix of soft-bottom and hard-substrate organisms were found in the bryoliths, indicating that this invasive species provides a unique substrate not equivalent to rocks and other typical hard substrate in the bay. Hard substrate is rare in the South Bay, and the bryoliths facilitate the colonization of a number of organisms that otherwise would not be able to exist on the soft mud. Although organisms associated with the bryoliths were overwhelmingly nonnative, the bryoliths do not appear to differentially promote non-natives. Previous studies in the Bay have found non-native species richness that were roughly equivalent on hard and soft substrates (e.g. Cohen et al. 2005) , so this outcome is not surprising.
However, certain invasive species that are limited by hard substrate are now able to live on the mudflats. The bryoliths may serve as stepping stones for hardsubstrate dependent sessile organisms between the 'islands' of hard substrate such as rip-rap, bridge abutments and seawalls in the South Bay.
Two species that are the major foci of restoration efforts within San Francisco Bay are the native oyster Ostrea lurida Carpenter (1864) and the eelgrass Zostera marina Linnaeus 1758; these organisms were once more abundant within the Bay, including the areas that are now inhabited by the bryoliths (Bonnot 1935) . The presence of bryoliths could hinder restoration efforts in the South Bay by overgrowing these species and, at least over the areas of dense bryolith coverage, by decreasing the area suitable for eelgrass to take root.
Two organisms whose presence is facilitated by the presence of bryoliths on the mudflat are also of potential concern for oyster restoration. The Atlantic anenome Diadumene leucolena has been demonstrated to be a voracious predator of Atlantic oyster larvae in laboratory trials (Steinberg & Kennedy 1979) , and thus may affect the set of native oysters in locations where it is highly abundant. The bryoliths also appear to provide excellent habitat for the Atlantic oyster drill Urosalpinx cinerea, which is generally restricted to hard substrate where its prey items are found. We found large adults, small juveniles and egg cases of the drill in the bryoliths, in addition to numerous bivalve shells with drill holes in them inside crevices in the bryoliths. The oyster drill is a generalist predator that has been demonstrated to consume and limit native oysters in other locations (D. L. Kimbro, UC Davis, pers. comm.).
What limits the distribution of the bryolith form is also unknown at this time. Shell substrate is available throughout much of the Bay, but is devoid of growth in many locations north of the San Mateo bridge (J.G. & C.J.Z. pers. obs.). Conditions similar to that of the South Bay (shallow mudflats in areas of similar salinity and wave and current regimes) are found elsewhere in the bay and could presumably support bryoliths.
Logistical considerations did not allow us the time to develop standardized methods that could be replicated with enough frequency for density measurement. In initial tows, we likely pulled the dredge past the point at which it was full, making density calculation based on area covered unfeasible. Several initial tows brought up only well-rounded bryoliths, but later tows brought up a mix of shells and bryoliths in various stages of development, making it challenging to decide what should be counted as a bryolith vs. a bryozoan-encrusted shell. However, our observations suggest that the bryoliths are quite dense in some locations, including over one rather large area. Considering the potential impact that the bryoliths could have on the bay ecosystem, mapping the density of this growth form is an important next step. 
